As an analogy to nickel-based superalloys, ferritic superalloys based on Fe-Al-Cr-Ni-Ti are proposed for high-temperature applications, especially for fossil-energy power systems. Integrated computational tools will be employed to investigate thermodynamic, kinetic, and meso-scale properties of the proposed alloy systems. Meanwhile, selected microstructural attributes in representative model ferritic superalloys will be measured to validate computational results.
INTRODUCTION
In order to improve the thermal efficiency of steam turbines and reduce the CO 2 emission by fossil-energy power plants, ultra-supercritical steam turbines will require an increase of the operating temperature to 1, 033 K and an increase of the steam pressure to 35 MPa by the year of 2020. These materials in such systems must be capable of operating in the temperature range from 873 to 1,033 K with a life time of at least 30 years 1 . One of the critical issues for these materials is their creep strength. Other requirements include thermodynamic stability, coarsening resistance, low-temperature toughness and ductility, and oxidation resistance. Compared to austenitic steels, ferritic high-temperature materials show several interesting properties, such as the lower thermal expansion, higher thermal conductivity, and lower material costs. However, the creep strength of conventional ferritic alloy does not satisfy the strict requirements for turbine applications above 873 K 2 . Thus, considerable efforts have been undertaken to strengthen ferritic materials in order to achieve high creep resistance. In this project, ferritic superalloys based on the Fe-Al-Cr-Ni-Ti system are being investigated. As an analogy to nickel-based superalloys, the ferritic superalloys are two-phase materials containing coherent ordered intermetallic precipitates (NiAl and/or Ni 2 TiAl) in a disordered solid-solution matrix (α-Fe). Literature data show that while the coarsening resistance of NiAl-type precipitates may be improved by alloying, the elevated-temperature strength is limited by their properties. Strutt 4 . They found that the creep strength of these two-phase alloys is at least comparable to nickel-based superalloys, MARM-200. Furthermore, such two-phase alloys are more creep resistant than either of the phases in its monolithic form. This trend was attributed to the formation of unique dislocation networks, the differences in the dislocation networks formed, and the variations in dislocationglide systems. The objectives of the proposed research are twofold: (1) to develop and integrate modern computational tools and algorithms required to assist in the optimization of creep properties of high-temperature alloys for fossil-energy applications; and (2) to achieve a fundamental understanding of the processingmicrostructure-property-performance links underlying the creep behavior of ferritic superalloys strengthened by B2-type (NiAl in this project) and/or L2 1 -type (Ni 2 TiAl in this project) intermetallics. In the first objective, we seek to integrate tools and methods associated with predictive first-principles calculations, computational thermodynamic and kinetic modeling, and meso-scale dislocation-dynamics simulations. In the second objective, we will validate some of the computational results by measuring selected microstructural attributes in representative model ferritic superalloys.
COMPUTATIONAL MODELING AND EXPERIMENTAL INVESTIGATIONS
Thermodynamic and kinetic properties of Fe-Al-Cr-Ni-Ti alloys systems are being investigated using integrated tools of first-principles calculations, and computational thermodynamic and kinetic modeling. Topics, such as the phase stability, interfacial and anti-phase-boundary (APB) free energies, elastic constants of iron-based solid solutions, and impurity diffusivities are being investigated. At the same time, meso-scale dislocation-dynamics simulations are being developed to model the creep behaviors of the proposed alloys. We have determined to fabricate the FBB8 alloy first [Fe-6.5Al-10Cr-10Ni-3.4Mo-0.25Zr-0.005B, weight percent (wt.%)] because it demonstrates favorable creep resistance according to the previous studies 5, 6 . Small amounts of testing samples are being manufactured using an arc melter located at UTK. Sophisticated Alloys Inc. will produce the samples for our project. Regarding the creep studies, the linear variable differential transformers (LVDTs) and LVDT controllers are ordered and calibrated. The samples for preliminary creep testing are prepared. At the same time, techniques for carrying out creep experiments are being set up.
PROPOSED RESEARCH

THERMODYNAMIC MODELING OF MULTICOMPONENT, MULTIPHASE PHASES
The thermodynamic properties of multicomponent, multiphase alloys will be investigated using an integrated approach. As shown schematically in Fig. 1 , the approach involves integrating the results of first-principles calculations with the experimental data to develop computational-thermodynamic databases that form the framework for the Calculation of Phase Diagrams (CALPHAD) modeling of multicomponent phase diagrams and thermodynamic properties. A key point is that although firstprinciple methods are predictive in nature, the current computational power limits the application of these methods to binary or ternary systems. Therefore, the CALPHAD framework provides a bridge between the predictive tools of first-principles calculations and the engineering-level software for property predictions in multicomponent systems. Bulk thermodynamic properties and phase stability, interfacial and APB free energies, and elastic constants of Fe-based solid solutions will be studied. The first-principles calculation of finite-temperature thermodynamic properties for bulk alloy phases will make use of the well-defined cluster-expansion approach 7 . To improve the coarsening resistance of coherent precipitates, it is desirable to minimize the interfacial energy. Therefore, due to the experimental difficulties inherent in measuring these properties, it is highly desirable to undertake a systematic study to compute body-centered-cubic (bcc)-Fe/B2 and bcc-Fe/L21 interfacial energies from first principles. This method will give us valuable guidelines in the computational design of coarsening-resistant alloys. The finite-temperature calculations of interfacial free energies will be performed, employing Montel-Carlo simulations using cluster-expansion Hamiltonians fit to first-principles data. A similar approach will be pursued in calculating relevant stacking-fault and APB energies required as inputs to the dislocation-dynamics simulations. 
KINETIC MODELING OF MULTICOMPONENT ALLOYS
The impurity diffusivities and interdiffusion coefficients in dilute bcc-Fe solutions and binary alloys will be predicted by first-principles computations. Vacancy-diffusion and solute-interdiffusion coefficients are two properties of fundamental importance for the coarsening resistance and creep strength of two-phase alloys. To facilitate the design of alloys with optimal creep and coarsening properties, we will undertake the development and validation of first-principles methods for calculating diffusivities in representative binary alloys. For the purposes of alloy design, this information can be integrated with the available experimental data to develop predictive kinetic databases for the Diffusion-Controlled Transformation (DICTRA)-based calculations of diffusion-limited processes in multicomponent systems (see Computational Kinetics in Fig. 1 ).
MICROSTRUCTUREAL CHARACTERIZATION
This task is to characterize microstructures of prototype superalloys using a variety of qualitative and quantitative experimental tools. This project will employ the combined experimental techniques of highresolution analytical-electron microscopy (HR-AEM), high-resolution electron microscopy (HREM), local-electrode atom probe (LEAP), ultra-small angle X-ray scattering (USAXS), and X-ray diffraction (XRD). HR-AEM will be used to determine the chemistries of the matrices, precipitates, and other minor phase (if present) and analyze the partitioning of alloying elements. Conventional and high-resolution transmission-electron microscopy (TEM) will be used to determine the microstructure features, including the shape, average size, size distribution, and coherency of the B2 and L2 1 precipitates, grain/subgrain boundary structures, and other minor phases. LEAP will be utilized to study the partitioning of the alloying elements between the different phases, solute-concentration profiles across interfaces and grain boundaries, and, particularly, the morphology and composition of small L2 1 precipitates inside the B2 phase, which might be difficult to measure by TEM. USAXS will be employed to quantify the precipitate size, size distribution, inter-particle spacing, and volume fraction combined with the complementary TEM and LEAP characterizations. A quantitative comparison of predicted and experimental results, including the phase volume fractions, solute partitioning, and interfacial structure, will be achieved directly or indirectly, in order to validate the computational results, which are described in above sections. Furthermore, the experimentally-determined microstructure parameters, such as element partitioning, precipitate-volume fraction, size distribution, lattice parameter, and coarsening kinetics, will be integrated into the creep modeling for dislocationdynamics simulations. A fundamental understanding of the effects of the volume fraction, latticeparameter mismatch, and partitioning behavior on the coarsening kinetics and creep properties will be achieved using these tools, which will assist in developing processing-microstructure-propertyperformance relationships.
STUDY OF CREEP BEHAVIOR
The creep behavior of the ferritic superalloys will be investigated using combined experiments and theoretical simulations in order to clarify the underlying creep mechanisms, and relate the mechanical properties to microstructure features. High strain-rate (10 -5 to 10 -1 s -1 ) and low strain-rate (10 -9 to 10 -4 s -1 ) experiments will be conducted. All creep data (minimum strain rate, ε̇, stress, σ, and temperature, T) will be represented in a master to determine by best-fit analyses the three creep parameters (pre-exponent, A, stress exponent, n, and activation energy, Q) of the power-law creep equation:
Neutron diffraction will be used to investigate the relationships among the microscopic elastic-lattice strains (both the phase and plane-specific strains), microstructure evolution, and macroscopic creep behavior, which, therefore, provides insights into micromechanical deformation. A dislocation-dynamics simulation code will be employed to calculate (1) yield strength at room temperature and (2) creep-flow strength at high temperatures of various microstructures containing precipitates studied in this project 9, 10 .
CONCLUSION
The ferritic superalloys based on Fe-Al-Cr-Ni-Ti show promising properties for high-temperature applications in fossil-energy-plants systems due to their possible good creep resistances. Integrated computational tools are proposed to calculate their thermodynamic, kinetic, and meso-scale creep properties, including bulk thermodynamic properties and phase stability, interfacial and APB free energies, elastic constants of Fe-based solid solutions, and impurity diffusion and interdiffusion. Meanwhile, suitable experiments are being pursued to validate the modeling results.
